Abstract. In order to resolve the resonance problem of jack-up riser with drill string, the frequency equation of natural transverse vibration with compressive axial load and the length of the riser above the seabed as independent variable was derived in this paper. Then the frequency equation was solved by the Newton method, and the accuracy of the frequency calculation method without axial load was analyzed. In addition, a resonant rotating speed table of top-drive system (TDS) was made according to the relationship between rotating speed and frequency. The results show that: the method proposed in this paper is more accurate than the Rayleigh method; equation (22) is available when the length of the riser above the seabed is shorter than 30 meters while axial weight less than 90 tons ; there is a nonlinear relationship between the frequencies of the riser and the length of the riser above the seabed, and the frequencies decrease with the increasing length; under the general working conditions of jack-up , the relationship between the frequencies of the riser and axial compressive load is almost linear, and the frequencies decrease with the increasing axial compressive load; the resonant frequency range of the riser with drill string depends on the length of the riser above the seabed, and the resonant frequency range is extended by the increasing length.
Introduction
During the drill process of jack-up rig，one end of marine drill riser is fixed on the seabed and the other end is hinged to the jack-up platform [1, 2] . Since there is a BOP stack installed on the hinged end of the riser, which generates an axial compressive load to the riser. Therefore, the dynamic model of jack-up riser can be defined as a fixed-hinged uniform Euler-Bernoulli beam with axial compressive load. At present, the research of the jack-up drill riser is mainly concentrated in two aspects: natural transverse vibration characteristics of riser and its elastic stability [3, 4] .
When jack-up rig was operated in the Bohai Sea, a phenomenon of violent vibration in the hinged end of the riser was discovered, which led to the failure of the top screw [4] , in order to solve the above-mentioned problem, natural transverse vibration characteristics of riser was studied by the Rayleigh method in reference [4] . However, the Rayleigh method can only work out approximate results of the natural transverse vibration frequency, and the Rayleigh method also has a bigger error in calculating high-order frequencies [5] . The kinematic equation of the uniform beam with axial load was derived by F.J. Shaker [6] , based on the kinematic equation, the axial load impact on natural frequency and mode of beam were researched. The free vibration characteristics analysis of a beam subjected to an axial tensile load with an attached in-span mass-spring-mass system was carried out by O. R. Barry [7] . The natural transverse vibration of a continuous beam with elastic supports subjected to axial load was researched with the Laplace Transform by Junqiang Li [8] . The post-buckling behavior of a slender beam with axial load in a circular tube was studied by M. G. Munteanu [9] .The governing equation of transverse vibration of a free-free axially moving Timoshenko beam under an axial compressive load is established by Hong-yong CHEN [10] , and the vibration characteristics of the beam are obtained by the analytical solution and Differential Quadrature Method (DQM).
Aiming at the problem proposed in reference [4] , on the base of related research results and actual working conditions of jack-up, the frequency equation of natural transverse vibration with axial load and the length of riser above the seabed as independent variable was derived in this paper. The method proposed in this paper is more accurate than the Rayleigh method in computing frequency. In addition, the impact of axial compressive load and the length of the riser above the seabed were studied, on the base of that, a resonant rotation speed table of rig was made. The computing method of natural transverse vibration frequency of riser and the resonant rotating speed table can be used to guide the drill process of jack-up.
Natural transverse vibration characteristics of the fixed-hinged beam with axial force
Since the slenderness ratio of the riser is large enough, therefore the effects of shear deformation and rotary inertia can be neglected, and hence the Euler-Bernoulli beam theory is appropriate to be used in this study. Natural frequencies and vibration mode functions of the beam can be obtained through the free vibration analysis, the free transverse vibration equation of uniform beam with axial load is [6] :
In Eq. (1), t is the time, x is the coordinate measured along the beam axis, E is the modulus of elasticity, I is the moment of inertia of the beam, m is per unit length mass, F is axial force, (x, t) is the transverse deflection of the beam axis.
φ is the mode of the vibration, which does not change with time; and ) (t q is the amplitude of the vibration .
By using variables separation method, Eq.(1) can be transferred to Eq.(3):
is the fourth-order and second-order differential of x, ) (
is the second-order differential of t . Eq.(3) can be divided into two independent ordinary differential equations as follows:
Two symbols are introduced in this study, one is frequency coefficient a 4 , and another one is axial force impact factor p. 
Where ω is natural frequency of the beam. By substituting a 4 and p into Eq.(4-b), Eq.(4-b) can be transferred to Eq.(6):
On the base of the related research, the solution form of Eq.(6) can be defined as follows:
Where, C is a constant. By substituting Eq. (7) into Eq. (6) 
Where:
By substituting the solution into Eq. (7), the general solution of Eq.(4-b) can be obtained as follows:
In Eq. (11) 
Where, L is the length of the riser above the seabed. Eq.(16) can be obtained by substituting Eq.(15-a) into Eq.(12), as follows: 
The equation set of modal coefficient can be obtained by substituting Eq.(14) into Eq.(16)、(17):
In order to make the above equations have a nonzero solution, the value of coefficient determinant have to be zero, therefore the frequency equation of the beam can be obtained as follows:
The parameters of L and p in Eq.(19) can be obtained by the working conditions of jack-up rig and the parameters of the riser. Because the closed-form expression of Eq.(19) can not be obtained at present, the parameter of β is solved by the Newton method in this paper. On the base of that, by substituting the value of β into the Eq.(10-b) and combining the Eq.(5), the natural frequencies of the riser can be obtained.
Transverse vibration characteristic analysis of the riser under the working conditions
According to the actual operating water depth of jack-up drilling platform, the regular range of the riser length above the seabed is 10 ~ 130 m. A typical riser was analyzed in this paper, whose external diameter is 762.0 mm, inner diameter is 711.2 mm and linear density is 461kg/m (E=2.06e11Pa). The axial force is expressed by impact factor p, whose range of values is 1×10 -4 ～11×10 -4 m -2 . Within the scope of the above working conditions, the natural frequencies of the riser are computed by using equation (19)、(10-b)、(5-a) and (5-b). The results show that the minimum value of the sixth order of the natural frequency is 40.3268 rad/s, which far more than the frequency range of the TDS. Therefore, only the first-order frequency to fifth-order frequency have to be calculated, which are shown in table 1 to table 5 .
On the base of frequencies data, the functional relationship between the fundamental frequency of the riser and the axial compressive load has been graphed by fig.1 ; and the relationship between the fundamental frequency of the riser and the length of riser above the seabed has been depicted in fig.2 . As shown in fig.1 , the relationship between the frequency of riser and the axial compressive load is almost linear under the general working conditions of jack-up rig, and the frequencies decrease with the increasing axial compressive load. As shown in fig.2 , there is a nonlinear relationship between the frequencies of the riser and the length of the riser above the seabed, and the frequencies decrease with the increasing length. Fig.1 The relationship between ω 1 and p Fig.2 The relationship betweenω 1 and L、p When taking no account of the axial load, the frequency equation of the fixed-hinged beam is:
(20) This transcendental equation can be solved as follows:
By substituting the Eq. (5-a) into the above equation, natural frequencies of beam without axial load can be obtained as follows:
In order to evaluate the accuracy of the results by Eq. (22), a comparative analysis of results was carried out, and a conclusion can be obtained as follows: when the length of riser above the seabed is shorter than 30m while axial weight less than 90 tons, the error of the results by Eq. (22) are less than 2.5%, therefore Eq. (22) is suitable for calculating the natural frequency of the riser in these working conditions.
Resonant Rotation Speed Table
A typical rotating speed range of the TDS used in offshore drilling is up to 273r/min, the frequency range of the TDS can be obtained by equation (23):
and the frequency range of the TDS is 0～28.5885 rad/s, on the base of that, a resonant rotating speed 6 show that the orders of the marine riser's resonant frequency is mainly decided by the length of the riser above the seabed, which increases as the increasing length of riser above the seabed. n , where b is the order of the rotating speed.
Summary
The frequency equation of jack-up riser's natural transverse vibration was derived in this paper, which takes axial compressive load and the length of the riser above the seabed as independent variable. Then the frequency equation was solved by the newton method. On the base of that, natural transverse vibration characteristics of jack-up riser were analyzed in detail and a resonant rotating speed table was made, which can be used to guide the drill process of jack-up rig. From this study, the following conclusions are reached: 1. The frequency calculation method proposed in this paper is more accurate than the Rayleigh method; if the length of the riser above the seabed is shorter than 30 meters while axial weight less than 90 tons, Eq.(22) is accurate enough to compute the frequencies. 2. There is a nonlinear relationship between the frequency of riser and the length of the riser above the seabed, and the frequencies decrease with the increasing length. 3. Under the general working conditions of jack-up, the relationship between the frequencies of the riser and axial compressive load is almost linear, and the frequencies decrease with the increasing axial compressive load. 4. The resonant frequency range of the riser with drill string depends on the length of the riser above the seabed, and the resonant frequency range is extended by the increasing length.
